Introduction
============

The functional significance of carbohydrates in biology is a topic of intense current research. Carbohydrates are permanent components of many biological structures and biomembranes in human and in animal cells, as well as in bacterial and plant cell walls in the form of polysaccharides, glycoproteins and glycolipids. Whether chains of oligosaccharides and polysaccharides have a distinct orientation in biomembranes or in cellular structures could not be solved until Romhányi and Fischer developed the aldehyde bisulfite toluidine blue reaction (ABT reaction) or "anisotropic PAS reaction" ([@bib111]) as a modification of the classical periodic acid-Schiff (PAS) reaction ([@bib81]).

At the light miscroscopic level, the periodate reactive monosaccharides, disaccharides and polysaccharides are demonstrable by conventional PAS reaction giving an intense purple colour (review in [@bib104]). The disadvantage of the PAS reaction is the lack of birefringence (isotropic staining reaction) between crossed polars and so it does not provide any insight into the molecular order of the reactive components in tissues. However, with post-staining precipitation using a mixture of potassium ferricyanide solution and potassium iodide solution it is suitable to produce an anisotropic effect. Upon long-time exposure to polarised light, also the post-precipitation-complex is not stable and disintegrates (Makovitzky, unpublished data). Electron microscopy can ultrastructurally prove the presence of these components. They are localised as a carbohydrate rich cell coat at the cell surface ([@bib92]; [@bib93]; [@bib34]; [@bib37]). By autoradiography (fluorography) cell-surface glycoproteins can be examined by means of incorporated radioactive molecules. New glycoprotein fractions were visualised with the help of this method ([@bib31]; [@bib33]; [@bib32]).

A new era -- that of lectin histochemistry -- made it possible, by its employment along with other methods, to represent certain sugar molecules and sialic acids at the membrane surface ([@bib147]; [@bib85]; [@bib122]). The same applies to the demonstration of periodate reactive carbohydrate components at the ultrastructural level, based on the silver reduction capacity of periodate induced aldehyde groups ([@bib84]; [@bib92]; [@bib93]; [@bib1]) or to the binding of labeled lectins to cell-surface carbohydrates ([@bib88], [@bib89]).

In summary, all these reactions result in formation of an amorphous aggregate on the reductive or binding sites and give information only on the presence and localisation on carbohydrate components at the ultrastructural level, but do not provide information about the molecular order and spatial orientation of the chains of the reacting carbohydrate components. In this regard, polarisation microscopy with the topo-optical reactions offers new possibilities. Using the ABT reaction or "anisotropic PAS reaction" carbohydrates can be detected with great sensitivity and their spatial location at a molecular level can be analysed. The reaction shows that the carbohydrate components are present in a highly linearly oriented fashion (parallel or perpendicularly to the length). Thus, it becomes possible to discover structural differences in biological systems ([@bib111]; [@bib15], [@bib17]; [@bib20], [@bib21]).

The space of the glycolitic (vicinal) hydroxyl groups within carbohydrate residues is between 2 and 5 Å, this distance is a pre-condition for the creation of the metachromasia, for the anisotropy, and thus for the positive ABT reaction ([@bib17]; [@bib138]; [@bib102], [@bib106], 1983; [@bib22]; [@bib139]; [@bib111]). Only at this distance an interaction of the dye molecules bound to the OH groups takes place, which leads to the anisotropy and metachromasia. If the space is larger than 5 Å, only basophilia and isotropy, like after the first step in the Feulgen reaction combined with the bisulfite toluidine blue reaction, is observed ([@bib17]). Due to the distance of the OH groups taking part in the ABT reaction, the indirect resolution range of the polarisation microscopy is theoretically between 2 and 5 Å ([@bib104]; [@bib17]).

Fischer stressed it in his PhD work ([@bib17]) that carbohydrates are among the most important elements of biological structures -- in botany and microbiology as cell wall-forming-elements, in human biology as structural and connective tissue components. He worked on the polarisation optical and histochemical investigation of carbohydrates and clarified the spatial orientation of these macromolecules at a molecular level.

Using the ABT reaction in the heart musculature at the electron microscopic level [@bib128] confirmed that there is a similar localisation of the sugars in comparison to the polarisation optical ABT reaction. According to them, the electron microscopic ABT reaction is more sensitive than the periodic acid silver methenamin staining procedure for electron microscopy.

The development of the aldehyde bisulfite toluidine blue reaction ([@bib111])
=============================================================================

The classical view of the mechanism of the periodic acid-Schiff procedure is that the oxidation of vicinal diols yields dialdehydes that condense with Schiff\'s reagent to give a coloured product (review by [@bib94]). According to [@bib40] the structure of the product results from the oxidation of mono-, di-, oligo- and polysaccharides. The next step is the visualisation and/or blockade of aldehydes, i.e. the addition of sodium bisulfite ([@bib62]) or cyanide ([@bib59], [@bib60]; [@bib61]). Other possibilities of the blockade and visualisation of this reaction are reviewed by [@bib94].

The original reaction after periodic acid oxidation following a selective bisulfite addition and toluidine blue staining at pH 1 was first described by [@bib62] for the light microscopic demonstration of sugar components (glycogen) and basophilia. He carried out only light microscopic observations without stabilization of the most labile metachromatic staining reaction and did not perform polarisation optical investigations.

[@bib108] as well as [@bib111] have adopted this reaction for polarising microscopy. The last named authors called the reaction the "aldehyde bisulfite toluidine blue reaction" (ABT reaction). The ABT reaction is an inversive topo-optical staining reaction and is characterized by a metachromatic basophilia, anisotropy and linear negative dichroism ([@bib17]; [@bib68]; [@bib83]; [@bib111]).

The ABT reaction as a selective topo-optical reaction of vicinal OH groups in polysaccharides
=============================================================================================

The first step is based on the selective oxidation of the OH groups with 1% periodic acid (30 min at room temperature) -- equivalent to the first step in the PAS reaction, which is a common method in carbohydrate histochemistry ([@bib81]). The oxidation mechanism is specific for the chemical groups shown in [Figure 1](#fig1){ref-type="fig"} . The newly formed CHO groups react selectively with bisulfite, whereby they are converted into sulfonic acid ([@bib17]; [@bib111]). The sulfonic acid has a strong negative charge and therefore the new aldehyde bisulfite-complex selectively reacts with basic dyes like toluidine blue (Tb) at pH 1 or various thiazine dyes, i.e azure a, azure b, methylene blue and 1,9-dimethyl methylene blue (1,9 dmmb) at pH 1 ([Figure 2](#fig2){ref-type="fig"} ).Figure 1Chemical groups oxidised by periodic acid in the first step of the ABT reaction.Figure 2Diagram illustrating the mechanism of the ABT reaction (after [@bib97]).

As described by [@bib111] the ABT reaction is a useful method with higher intensity than the PAS reaction. The reaction is specific to the selective demonstration of vicinal OH groups by metachromatic basophilia and the detection of linear order of the vicinal (glycolitic) OH groups in polysaccharide chains.

In our experience, the ABT reaction is a sensitive method to show the exact localisation of periodate reactive carbohydrates in tissue sites with recognizable morphological characteristics. The great advantage of this topo-optical reaction over chemical or biochemical techniques is that it is inexpensive and easy to carry out. The entire mechanism of the ABT reaction is discussed in detail in our previous publications ([@bib97], [@bib98]; [@bib99]). The polarisation optical analysis makes it possible to determine the spatial situation of the sugar chains on a molecular level, which is not possible with the conventional PAS reaction and with the electron microscopic PAS reaction ([Figure 3](#fig3){ref-type="fig"} ).Figure 3Polarisation optical analysis of the ABT reaction (after [@bib111]; [@bib16]). (a) The sign is negative with respect to the length of the polysaccharide chains. Radially positive birefringence (optically positive spherulites) of the cell walls is indicative of radially oriented dye molecules and in turn of surface-parallel orientation of the reacting polysaccharide chains. (b) Radially negative birefringence (optically negative spherulites) induced by the reaction is indicative of surface-parallel dye molecule orientation and of mainly radially oriented, linear OH groups which are probably fixed to a circular structure possibly resulting from radial or helical polysaccharide chains.

[@bib8], [@bib9], [@bib95], [@bib96], [@bib54], [@bib55] as well as [@bib56] could selectively react the *O*-acyl radicals of the sugar molecules with an alkaline effect by potassium hydroxide (KOH) followed by the PAS reaction.

[@bib15] selectively showed the *O*-acyl radicals using the KOH-ABT reaction and a new periodic acid-borohydride ABT reaction. The original periodic acid-borohydride PAS reaction was described first by [@bib95]. [@bib20] obtained similar results in bacteria and fungi using the periodic acid-borohydride ABT reaction and the KOH-ABT reaction.

The polarisation optical identification of sialic acid residues
===============================================================

Sialic acids are one of the most important molecules of life since they occupy the terminal position on macromolecules and cell membranes and are involved in many biological and pathological phenomena. Over 40 neuraminic acid derivates have been elucidated. The family of sialic acids play a dual role: they are not only indispensable for protection and adaptation, but are also utilised by life-threatening infectious microorganisms ([@bib117], [@bib118], [@bib119]).

The sialic acid specific topo-optical reaction based on the mild PAS reaction and the ABT reaction
==================================================================================================

The sialic acid specific topo-optical staining reaction is based on the mild PAS (mPAS) reaction combined with bisulfite addition ([@bib63], [@bib64]). The selective staining reaction of sialic acid is possible by the use of very dilute periodic acid (selective or mild periodate oxidation) followed by treatment with Schiff\'s reagent ([@bib54], [@bib55]; [@bib101]; [@bib56]; [@bib142]; [@bib143]). The basis of the sialic acid specific topo-optical reaction is as follows:a.Selective oxidation of vicinal OH groups on C8--C9 (including C7) carbon atoms of *N*-acetyl neuraminic acid.b.Presence of these groups in unsubstituted form.c.High suitability of the generated aldehyde groups for bisulfite addition.

The first step -- mild periodic acid oxidation (0.01% periodic acid for 10 min at 4 °C) -- produces a Schiff-positive C7-aldehydo-neuraminic acid residue. Subsequently, bisulfite addition and the 1,9 dmmb staining reaction and/or azure b staining reaction were carried out at pH 1--2 ([Figure 4](#fig4){ref-type="fig"} ).Figure 4Mechanism of the sialic acid specific (mPAS) topo-optical staining reaction (after [@bib64]).

The specificity of the reaction has been proved by neuraminidase digestion and sialic acid extraction with 0.1 N H~2~SO~4~ ([@bib14]; [@bib68]; [@bib99]). As shown in our previous publications, methods based upon acid hydrolysis are comparable to digestions with neuraminidase ([@bib68]; [@bib97], [@bib98]; [@bib76]). In the mPAS reaction, 2.7 moles periodate were consumed per mole oxidised sialic acid ([@bib129]). These reaction conditions are specific for sialic acid, since after an oxidation time of 10 min 1.15 mol periodic acid are consumed by *N-*acetyl neuraminic (sialic) acid, compared with less than 0.07 mol for all other carbohydrates together ([@bib101]). According to [@bib120] and [@bib116] the consumption of periodic acid per mol oxidised *N*-acetyl neuraminic acid is 1.4 mol after 10 min, and 2 mol after 40 min.

This reaction also determines, similarly to the ABT reaction, the sign of birefringence and thus the adjustment of dye molecules attached to linear oriented OH groups, i.e. parallel or perpendicular orientation ([@bib68], [@bib70]; [@bib97], [@bib98]; [@bib99]).

The finding that after mild periodic acid treatment the C8--C9 nonsubstituted OH groups of sialic acid are selectively oxidised, whereas no other tissue carbohydrates are affected, opens new methodological prospects.

By development of the KOH-sialic acid reaction and the periodate borohydride sialic acid reaction from the KOH-ABT reaction and PB-ABT reaction, it became possible to demonstrate the *O*-acyl sialic acid molecules selectively ([@bib63], [@bib65], [@bib66]).

The periodate oxidation of the glycosaminoglycans (GAGs)
========================================================

[@bib112] described the "one-step" anisotropic PAS reaction with 2% periodic acid, which is a specific reaction for hyaluronic acid (proved with hyaluronidase digestion).

The "two-step" PAS reaction gives a positive reaction of acid mucopolysaccharides (proteoglycans and glycosaminoglycans) with vicinal diols located at the C2 and C3 position of the oxidised uronic acid residues ([@bib123]). [@bib83] reinvestigated the two-step PAS reaction and combined it with the ABT reaction to the so called "chemically intensified basophilic reaction", abbreviated as CIBR ([@bib97], [@bib98]; [@bib99]). Oxidation with freshly prepared periodic acid (2% solution) is the first step of this reaction, yielding aldehyde groups at the sites of vicinal diols located on carbohydrate residues ([@bib83]; [@bib97], [@bib98]; [@bib99]). The newly produced aldehyde groups in this position are blocked by subsequent treatment with sodium borohydride. A further prolonged oxidation with periodic acid (1% solution, 24 h) results in the oxidation of vicinal OH groups of glucuronic acid or iduronic acid-containing glycosaminoglycans (hyaluronic acid, chondroitin sulfate and dermatan sulfate). After bisulfite addition, the newly produced hydroxysulfonate groups in the position C2 and C3 are selectively stained with toluidine blue or 1,9-dimethyl methylene blue at pH 1 ([Figure 5](#fig5){ref-type="fig"} ). Sulfate groups bound primarily to glycosaminoglycans do also participate in this reaction, however they do not affect the oriented dye binding. It should be observed that the specificity of the staining is dependent on the low pH of the dye bath where the carboxyl groups are suppressed ([@bib97], [@bib98]; [@bib99]).Figure 5Mechanism of the CIBR demonstrated in a repeating disaccharide unit ([d]{.smallcaps}-glucuronic acid and *N*-acetyl-[d]{.smallcaps}-galactosamine) of chondroitin-6-sulfate. The prolonged treatment with periodic acid results in the oxidation of vicinal hydroxyl groups of the uronic acid residues and the newly formed aldehyde groups are transformed to hydroxysulfonate groups by the addition of sodium disulfite which can be stained with Tb at pH 1. The uronic acid residue will bind two dye molecules after CIBR which will be added to the dye molecule bound by the sulfate groups of the hexosamine residue. The outcome ist that three Tb molecules are bound to one disaccharide unit in comparison to the control (toluidine blue topo-optical reaction) where one dye molecule is taken up. (a) Tb pH 1 (b) CIBR with Tb at pH 1 (after [@bib97]).

The sugar components and their orientation in the cell walls
============================================================

According to [@bib24], [@bib25], [@bib26], the sign of unstained cellulose "*elementar fibrils*" is linear positive to the length. After Congo red staining, cellulose gives an additive topo-optical staining reaction, and the dye molecules are oriented parallel to the surface ([@bib144]). Cellulose is a neutral polysaccharide, a linear ß-glycosidic polymer of [d]{.smallcaps}-glucose with chain lengths of over 2000 glucose units and with a regular linear crystalline order of polysaccharide chains and is rich in OH groups. The fibrillar structure of cellulose has been proved by X-ray diffraction and electron microscopic investigations ([@bib25]; [@bib28]; [@bib41]).

Fischer found for the cellulose of the root of *Alium cepea* (onion) that after pectinase digestion and ABT reaction, an inversive topo-optical reaction, the sign was linear negative to the axis with metachromasia and negative dichroismus: the toluidine blue dye molecules and the linear oriented OH groups are perpendicularly oriented to the surface ([@bib111]; [@bib17]). In contrast, for amylose it was supposed that three different molecular conformations of the alpha-1-4-glucosan amylose are possible: stretched, folded or helical chains. [@bib24] studied the polarisation of starch granules by optical and electron microscopy. These are known to consist of 22% amylose and 78% amylopectin ([@bib5]). The starch granules, when unstained, have a high anisotropy and are linear negative (radially positive spherulites); therefore, the hexose molecules in starch granules are oriented opposite to those in cellulose. In starch granules, the hexose molecules are oriented radially and show a high intensity of anisotropy. This indicates a similar orientation of amylose and amylopectin in starch granules ([@bib24]). The radial orientation confirm the results of the X-ray diffraction and the polarisation optical analysis of [@bib25], [@bib26], [@bib27]. The amylose has a crystalline helical structure: a helical unit has 6 hexose molecules. Using the ABT reaction we found a radial orientation of the hexose molecules in complex starch granules, so it is an inversive topo-optical staining reaction ([Figure 6](#fig6){ref-type="fig"} ). The sign is linear positive to the axis. The polysaccharide chains are parallel to the surface, in a helical orientation ([@bib16]; [@bib74]).Figure 6ABT reaction of starch granules in polarised light without (a) and after additive compensation (b) ×300. Scale bars represent 25 μm.

Glycogen is made of glucose units that are connected by alpha-1,4- and alpha-1,6 bonds. The 1,4-connections form long glucose chains, whereas the 1,6 bonds are responsible for the interconnection of the chains. The unstained glycogen is isotropic. In the ABT reaction, ([@bib17]) recorded a granular mosaic anisotropy with low intensity and no dichroismus. In opposition to the green polarisation colour of cellulose after ABT reaction, the glycogen shows a red polarisation colour. This is not the optimal polarisation colour and can be explained by the branched structure of glycogen, indicating bundles of carbohydrate chains with various orientations. The more complex polysaccharides dextran and galactan are isotropic with the ABT reaction. This observation is probably caused by the non-specific orientation of the polysaccharide chains.

The ABT reaction of isolated cellulose
======================================

Unstained isolated cellulose (long cellulose fibers and microcrystalline cellulose) shows a high anisotropy, the sign of the anisotropy is linear negative to the length. Congo red staining applied for 10 min revealed a light microscopically weak congophilia and a weak anisotropy, 20 min staining enhanced the effects. Small fragments show a yellow colour by light microscopy, whereas large fragments show an orange colour. Both exhibit anisotropy with an orange polarisation colour. The sign of the anisotropy of the larger fragments is linear negative, i.e. the Congo red molecules are perpendicularly oriented to the cellulose. The small fragments exhibit a linear positive anisotropy with, therefore, parallel oriented Congo red molecules.

The ABT reaction gives a similar result: light microscopically we found a weak metachromasia with the exception of some non-reactant and unstained fragments. Both types of fragments show a red-orange polarisation colour. The sign of the birefringence of the larger fragments is linear positive (inversive topo-optical reaction), the smaller fragments show a linear negativity.

We have found with the aldehyde bisulfite 1,9-dimethylmethylene blue (ABD) reaction a strong staining reaction with metachromatic basophilia and an anisotropy with linear positive sign with respect to the length (or axis) by light microscopy.

The molecular orientation of rhodopsin in the rod outer segment of frog retina
==============================================================================

[@bib112] removed acid polysaccharides by hyaluronidase and blocked the participation of the free aldehyde groups present in formalin-fixed rods by treatment with borohydride, which reduces aldehyde groups to non-reactive OH groups in the ABT reaction. He found a strong reaction of the rod outer segments for vicinal OH groups. The sign of the anisotropy was negative with respect to the axis of the rods, indicating that the carbohydrate chains were oriented perpendicularly to the disc membranes.

The orientation of the sugar components in basement membranes
=============================================================

Romhányi developed a mild sulfation reaction after acetylation and methylation to demonstrate the polyhydroxyl groups of the collagen fibers. This is an inversive topo-optical reaction of the collagen fibers and collagen fibers stain selectively with toluidine blue at pH 1. Light microscopically, the fibers show an intensive selective basophilia, a deep green polarisation colour and the sign of anisotropy is linear negative. Romhányi blocked oxidation of the glycolitic OH groups of the sugars with periodic acid, sulfated the oriented OH groups of the collagen fiber (of hydroxyprolin and hydroxylysin) with sulfuric acid ("mild sulfation") and stained them with toluidine blue at pH 1. The sign of anisotropy was linear negative to the length as a selective presentation of the collagen fibers in the basement membranes ([@bib105]; [@bib109], [@bib110]).

After ABT reaction and/or ABD reaction, basement membranes show an intensive basophilic staining and a strong birefringence with a deep polarisation colour. The sugars are present as disaccharide units in the basement membranes and are bound with glycosidic bonds to the OH groups of the hydroxylysine molecules of the protocollagen fibers ([@bib103], [@bib104], [@bib105], [@bib106]; [@bib130], [@bib131]; [@bib132]). The ABT reaction has been used by [@bib11] to study the arrangement of sugar components (disaccharides) in epithelial- and capillary basement membranes.

The ABT reaction of glycolipids
===============================

The anisotropy of myelin sheaths was first investigated by [@bib121]. He presented them as highly oriented lipid membranes. Frozen sections of peripheral nerves show unstained an intense birefringence ([@bib121]; [@bib104]; [@bib146]). The sign of anisotropy is linear negative to the axis. After the ABT reaction, the frozen sections of the myelin sheaths show an intense basophilic staining reaction and a multiplication of the original birefringence. The linear oriented OH groups are parallel to the length axis. It is interesting that the myelin sheath, after formalin fixation (4% phosphate buffered formalin at pH 7.4) and paraffin wax embedding, shows a positive ABT reaction. After lipid extraction, [@bib111] found a positive ABT reaction and interpreted this result as the presence of oriented carbohydrates. However, in addition, one has to consider free aldehyde groups and the aldehyde groups produced from unsaturated lipids by periodic acid. In order to distinguish between the two possibilities, i.e. carbohydrates or lipids, [@bib111] considered several experimental results:a.The free groups of aldehydes can be stained selectively with a bisulfite toluidine blue reaction.b.The unsaturated bonds can be shown with a performic acid-Schiff reaction ([@bib59]) and/or with the polarisation optical variant -- the performic acid bisulfite toluidine blue reaction.c.The carbohydrate component can be stained selectively with a performic acid-borohydride ABT reaction ([@bib111]). In this reaction, the free aldehyde groups and aldehyde groups produced by periodic acid from double bonds are converted into OH groups by the effect of borohydride. These newly formed OH groups are not vicinal and therefore do not participate in the ABT reaction.

[@bib111] described the reactivity of glycol groups in glycolipids of the cerebroside deposits in Gaucher cells. Age pigment granules of the heart and brain were rendered strongly basophilic by ABT reaction, but proved to be isotropic ([@bib107]).

The complex structural organisation of the carbohydrate components in microbial cell walls
==========================================================================================

The ABT reaction is also used to selectively stain microbes in daily routine diagnostic practice. Microbes such as fungi and bacteria have highly oriented carbohydrates in their cell walls ([@bib15], [@bib16]; [@bib20]). Between 1976 and 1981 Fischer and Emödy analysed the molecular structure of the cell walls of different fungi and bacteria with the ABT reaction and later with the KOH-ABT reaction (specific for the occurrence of *O*-acyl groups in the sugar molecules). They also examined the mechanism of bacterial phagocytosis and found that at the surface of leukocytes a *de novo O*-acyl sialic acid synthesis takes place ([@bib18], [@bib19]; [@bib21]).

The spatial orientation of the sugar chains and sialic acids in human erythrocyte membranes
===========================================================================================

We determined the spatial position of the carbohydrate chains of erythrocyte membranes and lymphocyte membranes based on analysis of the aldehyde bisulfite 1,9-dimethylmethylene blue reaction (ABD reaction, [@bib68], [@bib71]). According to our analysis, oligosaccharide chains containing sialic acids are linked to the peptide skeleton and oriented parallel to the membrane ([@bib135]; [@bib136], [@bib137]; [@bib36]; [@bib37]).

Glycophorins are a group of transmembrane proteins whose extracellular parts are highly glycosylated and that carry the largest amount of the membrane carbohydrates ([@bib133], [@bib134]; [@bib29], [@bib30]). Glycophorin has a molecular mass of 31,000 g/mol. It consists of 60% carbohydrates and 40% protein ([@bib30]; [@bib78], [@bib79], [@bib80]). From the amino acid sequences, the maximum length of the extracellular segment of glycophorin A is 168 Å (16.8 nm). Glycophorin A is highly glycosylated and its carbohydrate moiety amounts to 64% of the dry mass ([@bib145]; [@bib135]). All saccharide chains are linked by *O*-glycosidic bonds to the N-terminal segment. Of the 16 saccharide chains of glycophorin A, 15 carry 30 terminal sialic acid residues ([@bib29], [@bib30]) and this may affect the three-dimensional structure under physiochemical conditions. Later findings ([@bib136]; [@bib36]) suggest that at physiologic pH and ionic strength, sialic acids are uniformly arranged and distributed, due to the spatial orientation of the glycoprotein segment and the high charge density of sialic acids. These reports were fully corroborated by the sialic acid specific topo-optical reaction.

The oriented dye binding of toluidine blue to the erythrocyte membrane between pH 5--7.4 can be explained by sialic acids of the oligosaccharides, whose COOH groups are optimally dissociated at this pH. These sialic acids are oriented terminally and partially overlap ([@bib36]; [@bib42]; [@bib38]). The binding sites of the sugar chains have a distance of 0.4--0.5 nm in glycophorins to each other (Stibenz, personal communication 1980) and by parallel orientation of the carbohydrate chains this can also be assumed for the COOH groups of the sialic acid molecules. Between pH 5--7.4, this structure leads to metachromasia and anisotropy and to an optimal dye binding, characterized by a deep green polarisation colour in contrast to the toluidine blue topo-optical staining reaction ([Figure 7](#fig7){ref-type="fig"} ).Figure 7Human erythrocytes stained with the sialic acid specific topo-optical reaction. (a) Light microscopy and (b) polarisation optical × 160. Scale bars represent 5 μm.

After neuraminidase digestion and combined trypsin-neuraminidase digestion, the erythrocyte membrane shows anisotropy with decreased intensity upon toluidine blue topo-optical staining between pH 5--7.4. This underlines the leading role of the COOH groups of the sialic acid molecules in oriented dye binding ([@bib75]; [@bib38]). The neuraminidase- or trypsin-treated human erythrocytes have a reduced concentration of sialic acids (110 μg/g; 210 μg/g) compared to the control cells (290 μg/g) (Stibenz, personal communication; [@bib43], [@bib44]).

The spatial orientation of the sialic acid carrying glycophorin A is important for the oriented dye binding and for the sialic acid specific topo-optical staining reaction. Using electron microscopy, [@bib126] found that the average distance between sialic acids to the outer lipid lamella is 5--7 nm. [@bib12] and [@bib13] recorded a gain of the glycocalyx thickness at 30 mM NaCl concentration from 3.5 to 12.1 nm by use of isotonic NaCl solution at pH 7.4. Based on biochemical results under physiological conditions, the external hydrophilic N-terminal segments of glycophorins are parallel oriented to the outer lamella of the lipid bilayer ([@bib35]; [@bib36]; [@bib137]; [@bib135]; [@bib45], [@bib46]).

Pretreatments of the cells (hypotonic milieu or procain hydrochloride) as well as various ghost preparations ([@bib63]; [@bib36]; [@bib39]) decreased the original membrane anisotropy. These treatments may affect the conformational state and change the original spatial orientation of the N-terminal hydrophilic segments of the glycophorin A. [@bib136], [@bib137] suggest two conformational states of hydrophilic segments of glycophorin A based on calculation of probability according to their amino acid sequence: (a) to run parallel to and (b) to have polar or polar and apolar interactions with the outer lamella of the lipid bilayer. On the basis of molecular theory of the toluidine blue topo-optical staining reaction ([@bib75]; [@bib36]), the topo-optical staining reaction behaviour of the various prepared ghost membranes can be understood by conformational changes, because all ghost preparations were carried out in the presence of a protease inhibitor. The reconstituted ghosts did not give the original intensity of control erythrocyte membranes (Geyer and Makovitzky, unpublished data; [@bib39]). Interestingly, the membrane anisotropy is restored after neuraminidase or combined enzymatic treatments with the aldehyde bisulfite 1,9-dimethylmethylene blue reaction (ABD). The residues obviously have some linear oriented OH groups and these groups are reactive.

The sugar chains and sialic acids in human lymphocyte membranes
===============================================================

The principle structure of human lymphocyte and erythrocyte membranes is the same. The sialic acid is bound to the terminal part of oligosaccharide chains and is responsible for the negative charge of lymphocytes. The amount of sialic acids on the surface coat is higher in lymphocyte membranes compared to erythrocyte membranes ([@bib114]; [@bib115]). [@bib57] found that the sialic acid concentration on the cells of patients with chronic lymphatic leukaemia (CLL) is higher than in control lymphocytes, i.e. the cells of CLL-patients show an intensified anisotropy compared to control lymphocytes. They also found that after neuraminidase digestion, the anisotropy is decreased or abolished. [@bib67], [@bib69] was able to show that with the sialic and *O*-acyl sialic acid topo-optical staining reaction NK/Ly leukaemia ascites cells exhibit the most intense anisotropy .

Using the 1,9-dimethylmethylene blue topo-optical staining reaction at pH 1 we have demonstrated ultrastructural differences between the lymphocyte membrane and the erythrocyte membrane, as illustrated in [Table 1](#tbl1){ref-type="table"} . The erythrocyte membrane is not stained with 1,9 dmmb at pH 1. We demonstrated the GAG components of the surface coat on the membrane of human lymphocyte. With the KOH--ABD reaction and/or KOH-sialic acid specific reaction, we demonstrated *O*-acyl residues in the sugar chains of the surface coat on the membrane of human lymphocytes ([@bib63], [@bib65], [@bib66]). We obtained similar results with the periodic acid borohydride--KOH--ABD reaction or---periodic acid borohydride KOH-sialic acid topo-optical reaction (light microscopically by [@bib8]; [@bib9]; [@bib94]; [@bib95], [@bib96]). We demonstrated the membrane bound RNA (mRNA) with the PBT --reaction (permanganate-bisulfite toluidine blue-reaction ([@bib17]) on the surface of human lymphocytes ([@bib70], [@bib71]).Table 1Differences between erythrocyte and lymphocyte membrane with topooptical staining reactions.Sialic acid9-O-Acyl sialic acidmRNAsGAGErythrocyte membrane+−−−Lymphocyte membrane+T−, B+++

The B-lymphocytes have highly oriented 9-*O*-acyl sialic acid and *N*-acetyl neuraminic acid (sialic acid) on its outer membrane, as demonstrated by quantitative colorimetry, thin-layer chromatography and combined gas--liquid chromatography--mass spectrometry ([@bib51], [@bib52]).

The metabolism of acetylated sialic acids is under the control of two groups of enzymes: *O*-acetyl transferases and 9-*O*-acetyl esterases ([@bib53]). [@bib124], [@bib125] found 9-*O*-acetyl sialic acids in the colon and the goblet cells and discussed their regulation. [@bib96] and [@bib94] performed many histochemical reactions for the selective detection of 9-*O*-acyl sialic acids. These reactions were adopted for polarisation microscopy ([@bib68], [@bib70], [@bib71]) making it possible to determine the orientation of the linear oriented OH groups of sialic acid molecules ([Figure 8](#fig8){ref-type="fig"} ). At the same time, it was possible to demonstrate the direction of the linearly oriented OH groups from sialic acid.Figure 8Human lymphocytes stained with the *O*-acyl sialic acid specific topo-optical reaction. (a) Light microscopy and (b) polarisation optical ×80. Scale bars represent 10 μm.

Detection of 9-*O*-acetylated sialoglycoproteins is an immunological tool for monitoring childhood acute lymphoblastic leukaemia ([@bib90], [@bib91]). The overexpression of 9-*O*-acetylated sialoglycoconjugates on lymphoblasts and concomitant anti 9-*O*-acetylated sialoglycoconjugates have been found to have a diagnostic and prognostic potential ([@bib4]). Dot-blot analysis demonstrated the potential application of immune complexed antigen as a disease specific marker (monitoring marker) and its efficacy as a sensitive and specific method that could serve as an economical yet effective index for monitoring disease status.

[@bib100] have presented the localisation and distribution of *O*-acetylated *N*-acetyl neuraminic acids, the endogenous substrates of the hemagglutinin-esterase of murine coronaviruses, in mouse tissue.

The ultrastructure of human platelet membrane glycoproteins
===========================================================

Using the ABT/ABD reaction and the sialic acid specific topo-optical reaction it became possible to demonstrate glycoproteins in the surface location of human platelets. The results are comparable to those obtained with biochemical techniques. The spatial orientation of oligosaccharide chains and the localisation of terminal sialic acids are similarly to the human erythrocyte membrane and lymphocyte membrane ([@bib68], [@bib69]; [@bib141]; [@bib140]).

Microvilli and mucus film of the epithelial surface layer of the intestinal mucus membrane
==========================================================================================

In the duodenum, jejunum and ileum, the sialic acids and 9-*O*-acyl sialic acids are oriented in opposite directions in the outer and inner layer. The microvillous surface layer is a bilayer: the microvilli are linear negative with respect to the axis of the inner layer and the mucus film in the outer layer is linear positive. Optical analysis indicate that the 1,9-dimethylmethylene blue dye molecules are bound perpendicularly to the inner layer on the membranes of the individual microvilli. In the outer layer, the dye molecules are oriented parallel ([@bib70], [@bib72]; [@bib111]; [@bib104]). Thus, the vicinal OH groups of the sugar chains and the sialic acid molecules are oriented opposite ([Figure 9](#fig9){ref-type="fig"} ).Figure 9Sialic acid specific topo-optical reaction of the human duodenum in bright-field (a), polarised light (b), after additive (c), and subtractive compensation (d) × 400. Scale bars represent 25 μm.

Oriented sugar chains in the bronchial epithelium
=================================================

[@bib86], [@bib87] found that the mucociliar surface and mucus film of the bronchial epithelium show unstained a linear positive anisotropy to the length. After toludine blue topo-optical staining and/or ABT reaction, he found by compensation an opposite phenomenon: the mucus film bound the dye molecules perpendicular to the length in the two reactions, whereas the mucociliar surface bound the dye molecules parallel to the length. Based on his polarisation optical analysis, the sugar chains are parallel oriented in the mucus film, and perpendicular in the mucociliar surface. The mucus film swims on the mucociliar units under physiological hydrated conditions.

Polarisation optical and histochemical investigations of the proteoglycans and glycosaminoglycans (GAGs)
========================================================================================================

Proteoglycans contain a linear protein core to which one or more glycosaminoglycans chains (chondroitin sulfate, dermatan sulfate, heparan sulfate, heparin and keratan sulfate) are covalently linked. The highly anionic GAGs consist of repeating disaccharide units, containing hexosamine (either [d]{.smallcaps}-glucosamine or [d]{.smallcaps}-galactosamine) and hexuronic acid (either [d]{.smallcaps}-glucuronic acid or [l]{.smallcaps}-iduronic acid). The only GAG which is not bound to a protein core is hyaluronic acid. Proteoglycans represent a diverse group of glycoconjugates sharing the common basic feature that they all have at least one GAG side chain. The core protein is generally linear in shape -- except some globular domains -- and the extended GAGs are perpendicularly oriented to the protein backbone ([@bib102]; [@bib82], [@bib83]; [@bib127]). The GAGs have a helical conformation and they -- due to their high density of anionic charges (sulfates and carboxyls) -- can easily interact with microcations like Na^+^, K^+^, Ca^2+^ and polycations. The polarisation optical classification of proteoglycans has been reviewed by [@bib83].

[@bib17] and [@bib83] adapted the ABT reaction for the polarisation microscopic analysis of the glycosaminoglycans ("two-step" method and CIBR). The light microscopical reaction was developed originally by [@bib123]. GAG components can be analysed using the toluidine blue reaction or 1,9-dimethylmethylene blue topo-optical reaction ([@bib2]; [@bib73]; [@bib83]; [@bib97], [@bib98]; [@bib99]). [@bib17] was first to demonstrate that GAGs also yield a pronounced ABT reaction after prolonged periodic acid incubation. In the literature, only marginal PAS-positivity of GAGs has been described. This is in contrast to the known linearly oriented OH groups of the uronic acids ([@bib17]). Thus, Fischer analysed the synovial fluid and its hyaluronic acid components with a prolonged ABT reaction. The hyaluronic acid components showed linear negative birefringence with respect to the length, i.e. the polysaccharide chains are oriented linear parallel to the length (axis).

Topo-optical reactions of carbohydrate residues in amyloid deposits
===================================================================

Amyloid is a generic term referring to tissue deposits of highly organised insoluble fibrils. They are composed of three major components: the amyloid fibril protein, amyloid P component (AP) and GAGs. The amyloid P component comprises up to 15% of the amyloid deposits and consists of neutral hexoses and their derivates. Sialic acid and fucose are found in terminal positions in the oligosaccharide chains of the glycoprotein ([@bib7]; [@bib6]; [@bib47]; [@bib48]). In recent studies of the authors ([@bib97], [@bib98]; [@bib99]), topo-optical reactions were used to establish the structure, distribution and location of carbohydrate residues that occur within amyloid deposits. Congo red-marked amyloid deposits correlated pathomorphologically with ABT-positive structures, indicating a linkage of amyloid fibrils and periodate reactive carbohydrates ([Figure 10](#fig10){ref-type="fig"} a--d). Using the sialic acid specific topo-optical reaction, it became possible to visualise small amounts of sialic acids bound to the amyloid fibrils ([Figure 10](#fig10){ref-type="fig"}e, f). After the toluidine blue topo-optical reaction, the amyloid deposits exhibited metachromasia in bright light and birefringence with a red polarisation colour between crossed polars indicating the presence of sulfated GAGs. The critical electrolyte concentration (CEC) method revealed hyaluronic acid, chondroitin sulfate, keratan sulfate and heparan sulfate in amyloid deposits and tissue-isolated amyloid fibrils ([@bib97], [@bib98]; [@bib3]; [@bib76]).Figure 10Visualisation of amyloid deposits in pulmonary biopsy specimens from a 49-year-old female patient with nonsecretory multiple myeloma (NSMM). Consecutive serial sections stained with Congo red (a,b), ABT reaction (c,d) and the sialic acid specific topo-optical reaction (e,f). Congo red-marked areas where congruent with areas shown in c--f. Metachromasia appears in bright light (d,f) and birefringence with a red polarisation colour in polarised light (c,e) corresponding to a close pathomorphological relationship between amyloid fibrils and periodate reactive carbohydrates with terminally bound sialic acids. In polarised light (a,c,e) and bright light (b,d,f) ×40. According to [@bib97]. Scale bars represent 100 μm.

It has been postulated that GAGs play a role in the pathogenesis of amyloidosis which includes initiating fibrillogenesis, enhancing the stability of preformed fibrils, determining the anatomical distribution of amyloid deposits and decreasing amyloid susceptibility to proteolysis ([@bib127]; [@bib23]; [@bib10]). We have examined the effect of the "chemically intensified basophilic reaction" (CIBR) for the first time on amyloid deposits and found that it is a sensitive topo-optical visualisation reaction of uronic acid-containing GAGs with potential vicinal diols ([@bib97], [@bib98]; [@bib99]). In conclusion, we showed that there is a close pathomorphological relationship between amyloid fibrils, periodate reactive carbohydrates -- including sialic acids -- and GAGs.

Concluding remarks
==================

The findings of [@bib111], [@bib17] as well as [@bib20] indicate that the polarisation optical analysis, by means of the ABT reaction, is a very sensitive and useful method to study the molecular order of the polysaccharide chains of plant cell walls, yeast cell walls and capsules. Our analyses show highly oriented sugar components and sialic acids in the erythrocyte membranes and lymphocyte membranes using the ABT reaction or ABD reaction, as well as sialic acid topo-optical reaction and its variants. A high intensity is often characteristic for the topo-optical staining reactions of erythrocyte and lymphocyte membranes, detecting ultrastructural differences between the membranes of red blood cells and lymphocytes, not amenable to other ultrastructural morphological methods.

The "one-step ABT reaction" yields results on the spatial orientation of hyaluronic acids in tissue sites. Further, the CIBR provides information on the orientation of primarily uronic acid-containing GAGs with potential vicinal diols (hyaluronic acid, chondroitin sulfate and dermatan sulfate) in human and animal amyloid deposits ([@bib2]; [@bib3]; [@bib73]; [@bib97], [@bib98]; [@bib99]; [@bib58]). Based on the applied topo-optical reactions, it can be confirmed that the "non-fibrilar" component of amyloid deposits (the amyloid P component with carbohydrate residues -- including sialic acids -- and GAGs) has a complex oriented structure and establishes an entity with the amyloid fibril proteins as well as lipids. We confirm the helical model for the amyloid fibril structure proposed by [@bib50].
